The aim of the study was the examination of the morphological and compositional attributes of wear particles of tested universal tractor transmission oil (UTTO) samples by means of automatic particle counter and classifier LaserNetFines TM -C, which is an ideal tool to establish the dynamic equilibrium concentration and hence to set the alarm limits for any type of machine. Such limits can be based on wear type and particle size ranges. The samples of two UTTO (mineral oil and biodegradable fully synthetic oil) were taken from the rear gearboxes of the wheel tractor during a long-term experiment. The measurement results showed that there was faster increase in the particle wear of mineral oil in comparison to biodegradable transmission oil. Considering the increase in the percentage of particles over 20 μm, the biodegradable oil seems to be more favourable for usage. Regardless of this, it can be concluded that the biodegradable oil is equivalent to petroleum-based oils.
Tractor fluids are used for lubricating transmissions, final drives, wet brakes, wet clutches and hydraulic systems and they are common for all agricultural, forestry and construction machinery. The unique performance characteristics of these fluids also make them acceptable for use in both on-and off-highway commercial transmissions, as well as on some high-pressure hydraulic systems. Because of this versatility, these lubricants are frequently referred to as UTTOs (universal tractor transmission oils) (Kalin et al., 2008; Kosiba et al., 2016; Majdan et al., 2014; Tkáč et al., 2014) . In the majority of cases, oils are of mineral origin, toxic and are not readily degradable. However, the fact that the interest in ecologically acceptable lubes increases with every year, especially in the field where the application of mineral oils can cause damage to the environment, such soil losses in motor saws, agricultural, forestry and civil engineering machinery (Stojilković and Kolb, 2016; Tóth et al., 2014) , is encouraging. In the field of application of environmentally friendly lubricants, attention should be given to technical requirements, including protection from wear, corrosion, high load carrying properties and fulfilment of all the requirements determined by the producer of the mechanical system (Mendoza et al., 2011; Prolić et al., 2015) .
Wear particles are produced during almost every tribological operation (Baron et al., 2015; Wu et al., 2016) and have a significant effect on the wear of friction pairs in transmission circuits of tractors (Tulík et al., 2013) . The quantity of wear particles and their morphology consequently accelerate the process and the intensity of wear (Kučera et al., 2016; Sejkorová and Glos, 2017) . Wear particle analysis helps to assess the condition of the machinery and reliability in mechanical systems (Liu et al., 2016; Peng et al., 2015) . The wear process results in generation of particles of various size, shape, quality and morphology (Akchurin et al., 2016; Hönig and Orsák, 2016; Wäsche et al., 2015) . The morphological analysis of wear products makes it possible to classify and count the silhouettes of wear particles having 20-100 μm in size, as well as to count the total number of particles exceeding 4 μm in diameter and to classify their composition by size fractions (Laghari, 2003) .
The study of wear particles can be used for preventive maintenance (Levi and Eliaz, 2009) . It may sometimes prevent serious damage in an industrial environment. The wear debris characterisation can help to improve the selection and preparation of materials for specific applications (Kowandy et al., 2008) . The properties of particles may depend on normal load, sliding speed, environmental and many other parameters. Experience in technical systems exploitation shoved that the most effective failure prognosis is based on the parameters analysis of particles. These particles are generated as a result of wear and are reliable indicators of wear. The analysis of oil samples containing particles, generated as a result of wear, enable the evaluation of system tribology condition in different phases of system exploitation (Perić et al., 2013) .
In the last two decades, some efforts have been put in the wear particle image analysis (Machalík, 2011; Podsiadlo and Stachowiak, 2012; Raadnui, 2005; Stachowiak et al., 2008) . The cleanliness of fluids and other oil systems with close tolerances have been monitored by means of automatic particle counters for a long time (Day and Rinkinen, 1997 
Particles monitoring -measuring device LaserNetFines TM -C
In order to determinate the quantity and type of particles in oils, a particle shape classifier LaserNetFines TM -C (LNF-C) was employed. It is capable of carrying out the morphological analysis of wear particles. In terms of morphology, the device recognises three kinds of wear particles according to the type of wear: adhesive wear -severe sliding particles; abrasive wear -cutting particles; and fatigue wear -fatigue particles. By means of a mathematical algorithm, the system is also able to differentiate water and air bubbles, fibres, and other non-metallic contaminants (Michael et al., 2007; Müller et al., 2014; Pavlů et al., 2016) .
As fluid passes through the viewing area, a laser is pulsed and an image of the particles is captured on a charge-coupled device (CCD) sensor (Tucker et al., 1998 ). An artificial neural network analyses the pixels captured by the CCD and determines the particles maximum diameter and surface area. The scheme of the basic principle of LNF-C is shown in Fig. 1 .
For particles larger than 20 μm, the system also determines the particle aspect ratio, perimeter length, and circularity. An example of particles from the transmission system is shown in Fig. 2 . Since the optical system of LaserNet-C
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The basic principle of the measuring device LNF-C
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Wear particles generated in the transmission system Automatic particle counters are reliable, fast, and acceptably accurate. Particle counters measure all particles regardless of their composition or shape. The output made by the particle counter typically includes particle count, size distribution, and an ISO code. Particle count is a good indicator of the severity of wear status, and the transition from small to large particles can easily be detected (Mihalčová and Rimár, 2015; Valach et al., 2013) . Every increase in ISO code represents a doubling of the quantity of particles in that size range. ISO codes for particles >4 μm, >6 μm, and >14 μm are listed according to the ISO 4406:1999 standard (Kumbár and Dostál, 2013; Ng et al., 2017; Tulík et al., 2014) . The goal of this paper is to outline the possibilities of how to improve the image analysis of particles that are extracted from transmission oils located in the transmission system of a universal tractor with the help of automatic evaluation of wear particles by using modern methods of artificial intelligence.
Samples preparation
The tests were performed on two samples of oils, biodegradable universal transmission oil based on synthetic esters and one sample based on mineral oil, shown in Table  1 . Mineral transmission oil was filled to the left rear gearbox; biodegradable transmission oil was filled to the right rear gearbox of wheel tractor. Complex ester, which was used as a stock, is nearly non-toxic for aquatic organisms, and according to OECD 301 B and OECD 306, its biodegradability is higher than 60%. Commercial mineral UTTO oil is primarily recommended for lubrication of enclosed gear units working under severe fitful operating conditions, as well as constructing and Marián KUČERA, Zdeněk ALEŠ uses transmitted light, particle colours, textures and surface attributes cannot be determined (Vähäoja and Pikkarainen, 2011) .
The methodology of taking oil samples was performed according to standard procedures, immediately after stopping the tractor. Oil sampling was carried out at irregular intervals, because it was an operational test and the needs for the operation of the tractor were taken into consideration. An oil sample with a volume of 4 ml was prepared for analysis. The preparation of samples included a proper homologisation and removal of air bubbles in the ultrasonic bath. Seven oil samples were taken from the rear gearboxes of wheel tractor, UTTO M(1) to M(7) and UTTO E(1) to E(7). All measurements were performed at temperature 20 ±1 °C. The concentration of particles was counted for 1 ml -1 .
Considering the friction particles contamination of transmission oil samples, special attention is also paid to the trend of cleanliness code according to ISO 4406:1999. ISO 4406:1999 utilises a new calibration method for automatic particle counters (APCs). This method reports particle counts in three code numbers with each number correlating to the count of particles larger than 4, 6 and 14 μm. The ISO code trend extended from 27/25/22 to 29/27/23 for all the oil samples, meaning that these oil samples of universal tractor transmission oils are heavily contaminated (Table  2 ). It is obvious that the mineral transmission oil contained more particles >4 μm and >6 μm in comparison to the biodegradable universal tractor oil.
More transparent information on the classification of particles according to the quantity of different particles within the size range of 20-100 μm in the universal tractor transmission oils is shown in Tables 3-6. Gradual increasing in large particles (mainly those of the size ranking from 20 to 50 μm) might be considered a sign of unfavourable friction conditions. These particles were identified as particles connected with fatigue and abrasive processes depending on their shape characteristics. After the first analysis, petroleum-based universal tractor transmission oil proved to be containing the highest quantity of non-metallic particles (oxides, crystals, amorphous material, tribopolymers and other solid contaminations). After the seventh sampling was taken, their proportion decreased and there was an increase in the proportion of fatigue wear particles. The greatest change is visible in the quantity of fatigue particles within the size range of 20-25 μm, which showed an increase from 18% to 53%.Vice versa, the proportion of non-metallic particles decreased from 49% to 28% (Fig. 3) .
results and discussion
Considering the presented data (Fig. 4) , it can be seen that the biodegradable universal tractor transmission oil included 41% of fatigue particles within the range of 20-25 μm after the first sampling. Such a high proportion of particles can be a result of their being in the rear gearbox before the experiments. Seven samples show a 48% content of fatigue particles, representing an increase of 7%.
Conclusion
The fundamental prerequisite of machine condition monitoring by means of wear particle analysis is that an abnormal wear mode causes an increase in the size and concentration of wear particles above a previously defined baseline. Particles can be classified in terms of their compositional and morphological attributes. Large Marián KUČERA, Zdeněk ALEŠ particles (>20 mm) are classified into the following groups: cutting; fatigue; severe sliding; non-metallic; free water droplets; or fibres. These attributes, if correctly diagnosed, can assist in predicting the wear failure modes.
The LNF-C device is capable of operating with fluids having the viscosity up to 350 mm 2 ·s -1 at room temperature and particle concentration greater than 5 000 000 particles·ml -1 . It is compatible with synthetic and mineral-based lubricants, hydraulic, and gearbox oils. The unit automatically compensates for each fluid's opacity and soot level. It can be said that the LNF-C analyser replaces the analytical ferrography to a certain extent. The total test time, from sample preparation to cleaning the system for the next use, takes less than 7 minutes. The problem may occur when a sample contains too many particles or the particles are too large and they do not pass through a strainer to the suction line.
According to the analysis of the total amount of particles and the percentage of wear particles in the transmission oil depending on the operating period, it can be concluded that fully synthetic, biodegradable transmission oil is more suitable for a particular application. Oil is more resistant to mechanical stress than mineral transmission oil when interacting with gear teeth in rear gearbox. 
